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SUMMARY

The objective of this work is to evaluate the reaction initiation characteristics of

quasi-statically compressed intermetallic-forming aluminum-based reactive materials upon

impact initiation, consisting of equi-volumetric tantalum-aluminum, tungsten-aluminum,

nickel-aluminum, and pure aluminum. A modified Taylor rod-on-anvil setup was employed

to determine the reaction initiation threshold kinetic energy and actual energy for plastic

deformation and subsequent reaction. Experimental sample remnants were recovered and

examined through X-ray diffraction to determine reaction products.

The intermetallic-forming materials were evaluated based on their experimentally deter-

mined reaction initiation kinetic energy threshold, as a function of density, particle size dif-

ferences and environmental effects considering both air and vacuum. Multiple experiments

were conducted using the 7.62 mm diameter gas gun, while measuring velocity (ranging

approximately between 320 and 480 m/s) and recovering the products for subsequent X-ray

diffraction analysis.

The overall results indicate that of the various intermetallic-forming systems investi-

gated, Ta+Al was the most reactive and was the only system where any reaction products

were retrieved. While all of the intermetallic systems reacted in air, only Ta+Al and W+Al

reacted in vacuum environment suggesting differences in reaction mechanisms influencing

the reactivity of intermetallic mixtures. Based on the threshold energy for onset of reaction

it appears that the Ta-Al compacts show reaction conditions below those required for reac-

tion of Al in air. This combined with the fact that Ta+Al compacts also react in vacuum

implies that the Ta+Al undergoes anaerobic intermetallic reaction while the other systems

react with the oxidation of Al. The effect of compact packing density on the kinetic energy

threshold for reaction initiation were also evaluated. It was observed more densely packed

Ta+Al and Ni+Al powder compacts react more easily than less densely packed samples.

While the effect of packing density is not as obvious in the case of pure Al and W+Al

xii



powder compacts. Finally, a particle size effect is seen on Ni+Al on samples of ≤ 92%

density where coarser (+325 -200 mesh) equal-volumetric powder mixtures were observed

to be more reactive than finer Ni+Al (-325 mesh).
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CHAPTER I

INTRODUCTION

Intermetallic-forming reactive materials are a form of energetic materials that can release

large amounts of exothermic energy upon ignition. However, unlike explosives which have

high levels of sensitivity to ignition/detonation, the aforementioned intermetallic-forming

reactive materials are unique in that their reactivity can be adjusted based on their packing

density, volumetric distribution, particle size, and various other properties [1]. Reactive

materials are also relatively stable until faced with extreme conditions or impact loading

(i.e. excessive force/impact, shock). Upon impact loading, reaction initiation results in the

release of energy in the form of a temperature increase which often manifests through light

emission. Dense compacts of these reactive materials can also have desirable mechanical

properties, making them useful as structural energetic materials because they share both

structural (load bearing) and energetic (energy release) properties [2].

Reactive materials can be explosive in nature or be designed in order to give off heat or

different colors of light. Mixtures of various constituents can produce high heats of reaction

and metal-oxidation combustion that make them desirable for military munition casings and

other applications [3]. Evaluation of these materials has been conducted through thermal,

mechanical, impact, and shock compression for initiation to determine reaction characteris-

tics like density effects, contact area, events leading to reaction and its mechanisms, energy

release, reaction product analysis and recovery, and other properties. However, these stud-

ies do not attempt to identify the effects atmosphere, either operating solely in air or some

inert environment/vacuum, or provide the necessarily high strain rates to cause reaction

while maintaining observed reaction visibility coupled with in-situ diagnostics. This could

mean the loss of optimum reaction characteristics, in the case where oxidation reactions

are desired, which may occur during initiation but result in intermetallic reaction products

remaining.
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To investigate the reaction characteristics of the structural energetic materials, modified-

Taylor rod-on-anvil impact tests are used. This allows uniaxial stress propagation to be

applied to samples in order to create high radial deformation and employs strain rates

upwards of 105/s [4, 5, 6]. Reactions occurring from the impact, during densification and/or

deformation of the powder mixture, are witnessed by capturing the reaction light emitted

in the tests using a high speed camera. Recovery techniques and x-ray diffraction (XRD)

analysis of recovered materials allow for the characterization of the reaction products for

each of the reactive material systems.

The impact initiation of reactions in quasi-statically pressed compacts of “reactive ma-

terials” consisting of aluminum-based intermetallic-forming powder mixtures (metallic pow-

ders that form a solid state phase) is investigated. Mixtures of tungsten and aluminum,

tantalum and aluminum, nickel and aluminum, and pure aluminum, are examined to de-

termine the threshold level of impact energy necessary to initiate an intermetallic-forming

reaction, as a function of material system, volumetric distribution of reactants, compact

density, and environment (vacuum/air). In addition, an added goal was to identify the

reaction products for the individual systems. The overall objective is to determine the

occurrence of reaction due to combustion (oxidation) of Al, or as anaerobic intermetallic

reaction between the reactants in the pressed powder compacts.

In this thesis, background information regarding reactive materials and their impact

initiation characteristics described in the literature is presented in Chapter 2. Chapter 3

covers the experimental procedure including impact initiation tests and recovery configu-

rations employed. In Chapter 4 the results of experiments are presented along with the

discussion of the results; and the relevant conclusions and future work are presented in

Chapter 5.
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CHAPTER II

BACKGROUND

2.1 Reactive/Energetic Material Characteristics

Energetic or reactive materials traditionally are classified into three categories: Primary

explosives, Secondary explosives and Pyrotechnics [7]. These groups vary in sensitivity to

ignition, ranging from the extremely sensitive primary explosives like trinitrotoluene (TNT)

and cyclotrimethylenetrinitramine (RDX), to less sensitive secondary explosives, and least

sensitive pyrotechnics that, instead of exploding, can be tailored to deliver different colors

of light and amounts of heat in reaction.

Energetic materials can also be defined in three other categories such as molecular ex-

plosives — like TNT, ∆HR (heat of reaction) = -5.4 kJ/g — where the fuel and oxidizer

involved in the reaction are present in the same molecule or mixtures such as those con-

taining ammonium perchlorate (AP) and Aluminum. Secondly, metal and air combustion

reactions take place when a metal powder is ignited in air. The third group energetic

materials involves reactive mixtures in which reactions occur in intermetallic-forming or

thermite type powder mixtures including intermetallic-forming nickel and aluminum, tita-

nium and boron mixtures, and aluminum and iron oxide. When these energetic materials

are combined in such a way that they maintain structural integrity, they can be employed

as structural energetic materials [1, 2]. With their ability to release energy to a system

and/or ignite depending on specific conditions, these structural energetic materials allow

for different applications other than just explosives or pyrotechnics alone. Furthermore,

their initiation and energy release characteristics can be modified based on the volumetric

distribution of reactants, density of compacts, material system type, binders, compaction

techniques, and other properties.

Tables 1 and 2 list various examples of reactive materials based on thermite and inter-

metallic systems along with their constituent, theoretical densities and heats of reaction [8].
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The corresponding densities and heat of reaction for combustion reactions in various metals

are listed in Table 3. The constituent systems listed in Tables 1 - 3 show the ranges of

energy released from the various reactions (heat of reaction). Combustion of aluminum and

boron metal has amongst the highest heat of reaction (energy per unit mass and volume).

It can also be seen that the heat of reaction of several thermite and intermetallic systems

is equivalent to that of a primary explosive such as TNT. To better understand reactive

materials and their initiation, this chapter will review some thermal, static and dynamic

reaction initiation studies discussed in the literature, for the characterization of reactive

materials.
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Table 1: Heats of Reaction of various thermite mixtures [8]
Constituents ρTMD (g/cm3) Heat of Reaction (cal/g) Heat of Reaction (cal/cm3)

2Al+B2O3 2.524 780.7 1971

2Al+Bi2O3 7.188 506.1 3638

2Al+Cr2O3 4.190 622 2606

2Al+3CuO 5.109 974.1 4976

2Al+Fe2O3 4.175 945.4 3947

3Al+Ni2O3 4.045 1292 5229

Be+CuO 5.119 1221 6249

Mg+CuO 3.934 1102 4336

Ti+2CuO 5.830 730.5 4259

3Ti+2Fe2O3 5.010 612.0 3066

Ti+Fe3O4 4.974 563 2800

Table 2: Heats of Reaction of various intermetallic forming compounds (*denotes 1:1 stoi-
chiometric ratio)[8]

Constituents ρTMD (g/cm3) Heat of Reaction (cal/g) Heat of Reaction (cal/cm3)

Al+2B 2.607 742 1940

Al+Cu* 5.294 108 573

Al+Ni* 5.165 330 1710

Al+3Ni 6.820 180 1230

Al+Ta* 9.952 56.7 564

3Al+Ta 6.407 35.9 230

Al+Ti* 3.628 240 872

2Al+Ti 3.326 314 1100

2Al+Zr 4.240 267 1130

2B+Ti 3.603 1320 5170

Table 3: Heats of Reaction of combustions of various metals [8]
Metal Oxide ρTMD (g/cm3) Heat of Reaction (cal/g) Heat of Reaction (cal/cm3)

Al Al2O3 2.7 7422 20040

B B2O3 2.5 14050 35120

Ni NiO 8.90 976.1 8688

Ta Ta2O5 16.6 1351 22430

Ti TiO2 4.50 4714 21210

W WO2 19.3 766.6 14790

W WO3 19.3 1096 21150

2.2 Thermal Initiation

Thermal initiation of reactive materials has been investigated through the application of

either direct heating via laser or hot filament. Differential Scanning Calorimetry (DSC) and
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Differential Thermal Analysis (DTA) have also been employed to determine the reaction

initiation temperature as well as to perform reaction kinetics studies [9, 10, 11, 12]. The

following sections describe the various techniques employed for thermal initiation of reactive

materials, provide examples of researched materials, their test set-ups, and the properties

tested.

2.2.1 Electrical Ignition

Electrical ignition studies of reactive materials have employed an approach similar to that

used in resistance welding. Spherical electrodes of opposite charges (positive and negative)

contact a reactive foil/material on opposite sides along an axis of radial symmetry as illus-

trated in the setup shown in Fig. 1, used at the Johns Hopkins University [13]. Current

flows from the positive to the negative electrode creating resistive heating through the en-

tire thickness of the material. The resistance heating causes the material to react. After

reaction, the amperage and the length of the electrical pulse are used to determine the

thermal energy involved in reaction initiation.

Figure 1: Cross-sectional geometry of electrical ignition setup. Electrical current flows
from the conductor with the positive voltage (V+) to the one with the negative voltage
(V-) across the thickness of either a 20 or 100 um foil. Figure taken from [13]

Multi-layered Ni+Al reactive foils were examined through electrical ignition and mon-

itored visually in studies performed by Spey [13]. If the samples reacted upon the first

electrical pulse, no data was collected. If samples did not react, the current was increased

by 10A in each cycle until a reaction did occur. The final amperage necessary to cause a

reaction was recorded. Experimental data in comparison with computational data is shown

in Fig. 2, where the current necessary to cause reaction is related to the contact radius of

the electrode with the foil. Computational/numerical simulations were also performed to
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help better understand the ignition process (through the examination of the current and

resistive heating) of these reactive foils. The type B foil in Fig. 2 is most similar to the

experimental foil samples. It can be seen that the experimental results show an inverse

relationship between current and contact area.

Figure 2: Experimental and computational results of ignition current plotted as a function
of contact radius experimental results. The error bars represent one standard deviation in
the data. The foil tested was similar to the type B foils used in the numerical simulations:
90um Al (Ni-7V) foil with a 50nm bilayer and a 2.25nm intermixed layer thickness. The
pulse duration was 50usec. Numerical predictions for type A (2.0nm intermixed layer, 20nm
bilayer, 20um thick) and type B (2.25nm intermixed layer, 50nm bilayer, 100um thick) foils
are included for comparison. Figure taken from [13]

Such types of ignition current studies have been used to determine the reactivity of a

variety of highly-reactive multi-layered fully-dense materials.

2.2.2 Filament Ignition

The filament ignition experiment setup employed by Shoshin et al [12], includes a Nickel-

chromium filament that is heated in a circuit at the rate of 103 - 104K/s. One centimeter of

the 4.5 cm long filament is covered with a reactive material paint dispersed in a slurry and

dried. While a high-speed pyrometer measures the heat of the uncovered filament as the

temperature increases, a photodiode monitors the slurry covered area to denote reaction

from ignition by tracing the temperature profile and the spike in temperature at reaction

7



with respect to time [12], [10], [14]. A schematic of the setup employed by the Dreizin group

to study the reactivity of nanothermite mixture is shown in Fig. 3.

Figure 3: Filament Ignition Experimental Setup [14]

The reaction is observed visually with the sight of flame/smoke from reaction in addition

to the photodiode in place tracing the temperature rise associated with the reaction. An

example of the photodiode trace can be seen in Fig. 4, illustrating the capture of the

initiation events in the reaction and formation of Al0.80Ti20 alloy.

Figure 4: A photodiode trace showing spike in temperature associated with the gray arrow
displaying a blown up portion of the events in arrow (1) and (2) leading to reaction and
formation of Al0.80Ti20 alloy [12]
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2.2.3 Differential Scanning Calorimetry and Differential Thermal Analysis

Differential scanning calorimetry (DSC) and differential thermal analysis (DTA), measure

the change in heat content or thermal properties [15] as samples are heated at a controlled

rate until a reaction occurs. The reaction initiation indication is denoted by a peak cor-

responding to an endo- or exothermic heat release during the temperature time scan [16].

The release of energy, which is in the form of “spikes” associated with exothermic reactions,

is recorded with the DSC or DTA and corresponds to the onset temperature of reaction

initiation.

An example of the reaction observed during heating in a DSC can be seen in Fig. 5,

where different stoichiometries of lithium nickelate plus electrolytes indicate reaction initi-

ation at different onset temperatures. In studies performed by Umbrajkar et al [9], Al-rich

mixtures Al-MoO3 thermite nanopowders were examined using a Netzsch Simultaneous

Thermal Analyzer STA409 PC, with baseline correction performed using fully reacted sam-

ples. Traces of samples heated from room temperature up to 1200K with heating rates

ranging from 1 to 40K/min are shown in Fig. 6. It can be seen that the exothermic peaks

corresponding to various reactions are shifted to higher temperature (including the main

exothermic reaction) with increasing heating rates. The main exothermic reaction obtained

above 800K corresponds to the onset of reaction following the melting of aluminum.
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Figure 5: DSC traces obtained for LixNiO2 plus electrolyte showing variation in reaction
initiation temperature with increasing stoichiometries of Li [16]

Figure 6: Baseline-corrected DSC traces collected for nanocomposite powder with bulk
composition Al-MoO3 at heating rates ranging from 1 to 40 K/min. The traces were scaled
to fit on the same plot; the vertical scale applicable to each trace is shown in units of
mW/mg [9]

10



2.2.4 Laser Ignition

Slightly different than the previous thermal initiation techniques, electrodynamic levitation

of reactive particles involving the use of a laser set up can also be employed to study ignition

of reactive materials [11, 17]. In the setup described by Legrand et al. [17], charged particles

are placed in an electrodynamic levitator (Fig. 7) located in a high-pressure chamber.

Figure 7: Electrodynamic levitator from Shafirovich et al [11]

The levitator is comprised of top and bottom electrodes and a one ring electrode where

the particle is “levitated” or suspended. Then, a CO2 laser is used to heat the particles

until ignition, at which point the laser is turned off. In addition to monitoring the laser

on/off records, ignition delay and burning times are calculated using a photomultiplier.

The entire setup can be seen in Fig. 8, where magnesium (Mg) and Mg-Al particles studied

by Legrand [17] were tested to determine the critical chamber pressure needed to cause

ignition/combustion.

Figure 8: Experimental setup for laser ignition of levitated particles from Sharfirovich et
al [11]
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The data observed by the photomultipliers for the reaction light emission intensity is

shown in Fig.9, while Fig. 10 displays the ignition probabilities as a function of the CO2-Ar

environment and chamber pressure for Mg particles. These figures show that light emission

can occur during a reaction (Fig.9) and there is some relationship between the experimental

chamber environment on the reaction initiation (Fig. 10).

Figure 9: Typical record of the light emission during the burning phase of spherical Mg
particles (50-63 µ m) in CO2 at 1 MPa. Figure taken from [17]

Figure 10: Ignition probability of spherical Mg particles (5063 µm) in different CO2Ar
mixtures as a function of total chamber pressure. Figure taken from [17]
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2.3 Impact Initiation

Impact initiation has been used thoroughly to characterize what aspect of reactive materials

and their loading conditions are critical in the initiation processes. The following subsections

describe various experimental setups used for reactive materials studies to characterize their

dynamic energy release, dynamic yielding, effects of sample orientation and shear, particle

size and density, and shock-loading, as well as the reaction product characterization.

2.3.1 Drop Weight Test Setup

The drop weight test setup involves a weight suspended, normally above a platform at a

specified height, and released to impact another plate holding the reactive material sample.

In these tests, the samples can be impacted in powder or pressed form arranged in various

orientations to gain information on the dynamic impact response and reactants. Walley

et al. [7] have determined the dynamic impact response of five different thermite samples.

Thermite samples (Fig. 11) were pressed into right-circular disks, pre-sheared disks to 30

degree incline, and left “as-is” in powder form. The reactivity of the thermite samples are

compared under normal axial impact (Fig. 12) and by shearing effect on reaction initiation,

where pre-sheared disks (Fig. 13) are impacted in the normal axial setup and right-circular

disks impacted at a 30 degree incline (Fig. 14) [7]. A high speed camera is used to record

the impact with a light path through transparent anvils and mirrors.

Figure 11: Thermite Compositions in Drop Weight Experimentation taken from [7]

With the use of the Drop Weight Tests, it was found that reaction was more easily

attained in the pressed compacts, than the loose powders without additives, and the pressed
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Figure 12: Schematic of the high-speed photography drop-weight apparatus used for
normal-impact tests. W is the weight, M is the mirror, G is the glass anvils, S is the
specimen, and P is the prism [7]

Figure 13: Schematic of pre-sheared drop-weight experiment setup [7]

Figure 14: Schematic of inclined drop-weight apparatus. L is the light path, B is the base,
FD is the fall direction of the weight, U is the upper (sliding) section of the anvil, and SD
is the slide direction of the upper glass anvil [7]
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powders were more reactive than those with polycarbonate powder mixed in. Likewise, the

“pre-sheared” compacts were more reactive than those subjected to normal or “normal-

inclined shear” impact tests. The deformation verses time curve showing points of ignition

for the five different thermite mixtures can be seen in Fig. 15 (a) and (b). In the case of

the right circular (a) and pre-sheared(b) pressed samples respectively (the inclined samples

were less sensitive, than both the right circular and pre-sheared experimental setups and

was omitted). These graphs show that the plastic deformation of samples happens faster

in the pre-sheared tests than with the right circular; leading to a correspondingly faster

ignition for most of the thermite systems tested. The results indicate that shearing and

sample orientation play a role in the reactivity in reactive materials.
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Figure 15: Deformation versus time curves for right-circular (a) and pre-sheared (b) disks.
The times at which ignition is first visible on the high-speed photographic sequences is
marked on the graph for the various compositions [7]
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2.3.2 Mechanical Lever Impact Initiation

Figure 16, is the schematic of the lever-drop-weight impact test setup used to study initiation

of reactive foils of Ni+Al [13]. Operated from an axle, a lever with an impacter tip (outfitted

from hardness tester tips) is lifted to a certain height and dropped in a circular path towards

the targeted sample. An oscilloscope connected to a potentiometer on the axle records the

position of the arm based on the voltage, and from here the kinetic and potential energies are

measured from the drop and rebound after the drop, respectively. This act was continued

from increased heights until reaction occurs and the net energy (kinetic energy - potential

energy) is recorded. The net energy for reaction initiation can be seen in Fig. 17 to increase,

as the Ni+Al foil bi-layer spanning and total thickness increase.

Figure 16: Geometry of mechanical lever impact ignition. The lever arm setup rotates
about the axle as the impacter tip falls onto the reactive foil sample. A potentiometer
attached to the axle records its position. Figure taken from [13]

Figure 17: Results of mechanical lever-arm impact tests. For a foil of Al Inconel with
112nm with excess Inconel on each side. The reactive foil rested on the bulk metallic glass
surface and the impact tip was a 1/16 radius WC sphere. Figure taken from [13]
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2.3.3 Taylor Rod-on-anvil Impact Test

The rod-on-anvil impact test was developed by Sir Geoffrey Taylor in 1947; where cylindri-

cal(flat ended) projectiles of varying materials were fired from guns perpendicularly into a

high strength, rigid, flat and polished steel anvil, in order to determine the dynamic yield

stress. The dynamic yield stress was determined by measuring the velocity and the de-

formed and undeformed portions of the projectile. [18]. Torres et al. [19], used the Taylor

Test to characterize some dynamic material properties of Eglin steel rods. Steel samples

were formed into cylindrical rods and fired at a hardened flat steel anvil at velocities ranging

from 155 m/s to 210 m/s (examples of impact-face deformation of the sample can be seen

in Fig. 18).

Figure 18: A series of post-test 164-caliber specimens. The velocities ranged from 210 m/s
to 181 m/s, from left to right. Figure taken from [19]

Based on the change in geometry of the deformed sample, corresponding impact velocity

and material densities, average values of the dynamic yield stress and strain rate can be

calculated. An example of the calculated dynamic yield stress versus the strain-rate for

samples of 164 and 215 caliber are shown in Fig. 19 indicating the typical trend of increasing

strength until leveling off when the strain rate reached 104s−1 to 105s−1.

Ames [20] used the rod-on-anvil impact tests to characterize the reaction initiation

properties of reactive materials. The energy release characteristics of energetic materials

were examined under impact initiation, where a self-sustained reaction can be observed from

the mechanical work of impact through the use of the Taylor rod-on-anvil test. In these
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Figure 19: Dynamic stress estimates for the 164-caliber and 215-caliber specimens. Figure
taken from [19]

experiments, various metal powders mixed with a polymer binder were pressed close to

TMD (Theoretical Maximum Density) and accelerated to impact the rigid anvil. Reaction

initiation was indicated in the form of smoke release that was captured with high speed

imaging.

Examples of images of impacted samples of Polytetrafluoroethylene-Aluminum (PTFE-

Al) mixtures are shown in Figures 20 and 21 displaying both fracture and shear initiated

reactions. As shown in Fig. 20 a gradual increase of impact speed, from 158 m/s to 160

m/s results in fracture, and increasing the velocity to 163 m/s results in fracture followed

by smoke generation indicating ignition of the energetic material. The fracture process

and exposure of clean fracture surfaces have been speculated to contribute to reaction.

However, fracture may not be the lone contributor needed to sustain a reaction. The high

shear areas shown in Fig. 21, where the shearing resulting from deformation occurring

at high strain rates (104s−1 and higher) at impact, creates temperatures and pressures

conducive to reaction initiation.
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Figure 20: Images of PTFE-Al samples shot in Taylor test experiments at three different
velocities showing progression of deformation at 158 m/s, fracture at 160 m/s, and fracture
followed by reaction at 163 m/s (from [20])

Figure 21: Shear-induced ignition evident in PTFE-Al Taylor rod test (from [20])
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2.3.4 Dynamic Energy Release Characterization using Pig Test

In an effort to characterize the impact-initiation phenomena and the release of energy from

reactive materials, Ames and coworkers [20], have employed the so called ”‘Pig test”’. The

Pig test employs a high speed camera to monitor the reaction light emission and pressure

transducers to determine the impulse from the reaction. The experimental setup resembles

a Taylor impact test where a reactive material projectile is accelerated perpendicularly to

impact a rigid anvil in an experimental chamber. This chamber’s opening is covered with a

thin sheet of a mild steel (referred to as a target skin, usually 1
16” thick) and is penetrated

by the projectile before impacting the anvil, as shown in Fig.22.

The reactive material projectile, perforates through the target skin and fragments. These

fragments impact the rigid anvil (and can sometimes react when perforating through the

target skin or in flight). The fragments impacting the rigid anvil react, cause a spike in the

chamber pressure. Actual images obtained from such an experiment can be seen in Fig. 23

revealing light emission due to reaction and pressure pulse recorded by the transducers over

a period of up to 12 ms. Depending on the reactive material systems, reaction have been

observed to occur upon initial penetration of the skin, upon impact of the fragments with

the anvil, and also as the combustion wave propagates backwards and causes unreacted

finer fragments to burn resulting in an after-burn type effect.
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Figure 22: Schematic of the Pig test used for dynamic energy release characterization: (A)
Test chamber set up with projectile being accelerated towards the target. (B) Projectile
impacts target skin, fragments and continues towards rigid anvil impact. (C) Fragments
impact and react creating detonation-like blast wave. (D) Unreacted materials cause the
after burn of particles interacting with trapped air in fragments and ambient air. Figure
from [20]
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Figure 23: Highspeed camera images of Pig test with the corresponding pressure graphs in
lower left corners of the image. Figure from [20]
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In characterizing the material systems the efficiency and relative energy release were

tested. The efficiency is the ratio between the calculated mechanical (kinetic) and theoretical

(chemical) energy. Figure 24 displays the efficiency of each material system studied in a

range of velocities from 1.2 - 2.4 km/s. Here, the data shows two things — first, the

reactivity for most of the materials systems is dependent upon the energy of the fracture

process (correlating with the increase of speed of impact). Secondly, the energy efficiency

at an observed critical threshold (between 1.8 and 2.4 km/s shows no significant increase.

Figure 24: Reaction efficiencies of various metal-polymer energetic materials tested at
different velocities showing ratio of efficiency of the calculated kinetic energy during the
fracture process at impact vs chemical/theoretical energy at impact. Figure from [20]

The relative energy release in Fig. 25, is a comparison of the energy released during

reaction of over 20 materials (intermetallics, metal powders, fluoropolymer binders, epoxy

binders, thermites, and others) plotted versus their density. These materials were normal-

ized by PTFE-Al’s density and accelerated to the same impact velocity of 6,000 ft/s. Figure

25 shows that density is a stronger component in measured energy release than theoretical

energy of the different material system contents.
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Figure 25: Relative energy release for 6,000 ft/s of various energetic material systems
showing the density effect of material systems. Figure from [20]

2.3.5 Shock Compression of Reactive Powder Mixtures

Through the application of dynamic pressure or shock compression, materials can be studied

in thermodynamic regimes not readily made possible through other means. The shock

compression of materials is dominated primarily through the shear stress/strain effects

aided both by the generation of crystalline defects and accelerated kinetics of physical and

chemical changes creating radically modified structures. Novel compounds and alloys, and

metastable phases can be formed through such chemical and physical changes occurring

during shock compression of materials [21, 22, 23, 24].

Shock induced decomposition of compounds, chemical reactions involving two or more

highly exothermic components, and oxidation; reduction thermite reactions have been thor-

oughly investigated for synthesis of novel materials as well as high density energetic ma-

terials [25, 26, 27, 28, 29]. The interest in these types of reactions have been driven by

multiple goals, but mainly from the desire to understand the mechanisms of reaction initi-

ation for synthesis of novel phases, and to provide the ability to manipulate energy release

characteristics in the case of next generation of energetic materials [22, 30, 31, 32].
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2.3.5.1 Shock-Induced Reactions

Shock compression is used to characterize the shock properties of reactive materials and

induce or assist in reaction initiation. Eakins and Thadhani [33], used parallel plate impact

experimentation to shock-induce reaction in nickel flake and spherical aluminum powders

(1:1 mix by volume) with loading up to 6 GPa. Packed at a 42 percent ±2 TMD, the Ni+Al

powder is loaded in between two PVDF (polyvinylidene difluoride) stress gauges used to

attain time-resolved measurements of the Hugoniot (equation of state of a material/material

system relating shock velocity and pressure) data. The experimental setup can be seen in

Fig. 26 where a Cu or W driver plate, on the impact face of a flier impacts the Cu

containment ring holding the powder and the PVDF gages, that measures pressure and

time data during the shock phenomena.

The experimental data points from the tests were plotted by stress vs velocity with

overlays of the calculated Hugoniots for inert Ni+Al, NiAl, Ni3Al, and NiAl3. The reaction

products can be assumed based on the calculated curves in comparison to the plotted data

shown in Fig. 27. The points below 3.5 GPa fit the curve rather well, and the point above

(in the area of 5.4 GPa) fit well with in the realm of reaction products, although the actual

characterization and product distribution could not be determined in this work.

Figure 26: Illustration of the parallel-plate impact experiment, showing (a) flier-target
assembly and (b) exploded view of the sample assembly. The input and propagated PVDF
stress gages are in direct contact with the powder layer of nominal thickness. From [33]
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Figure 27: Plot of shock velocity and input stress for the flake mixtures up to 6 GPa. The
experimental data (closed circles) follow the calculated inert response (solid line) up to 3.5
GPa. The data at higher stresses (inset) indicate a deviation toward the calculated reaction
product curves (dashed lines) suggesting the occurrence of shock-induced reaction. From
[33]

2.3.5.2 Reaction Product Characterization

Reactive materials are often heterogeneous mixtures of components in various stoichiome-

tries, particle sizes, and shapes. These variables influence how the reactions are initiated,

the reaction products formed, and the amount of energy necessary to cause a reaction.

Recovery experiments have been performed to characterize the materials involved and to

identify the reaction products created during the reaction event.

Characterization can be done through X-ray diffraction (XRD), scanning electron mi-

croscopy, and transmission electron microscopy to determine not only the reaction products

formed but also the state of unreacted constituents. X-ray diffraction analysis in particu-

lar has been used for the characterization of the extent of reaction and reaction products

that are formed. An example of an XRD for 5Ti+3Si can be seen in Fig. 28 where after

shock compression the product phase results in the formation of Ti5Si3, and no unreacted

constituents.

Shock recovery experiments can be performed to retrieve material in order to character-

ize the as-shocked materials using specifically designed fixtures including the Sandia Bear

fixtures, the 12-capsule Sawaoka shock recovery fixture, and the Georgia Tech 3-capsule

fixture [35] [36]. The Sawaoka 12-capsule shock recovery fixture can be seen schematically

in Fig.29.
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Figure 28: XRD spectrum shows the product to be Ti5Si3. From Thadhani et al [34]

Figure 29: Schematic detailing the 12-capsule Sawaoka fixture in used in shock recovery
experiments. Powder samples are loaded into each of the 12 steel capsules, and held within
a steel capsule holder plate. The uniform detonation of a main charge launches a thin metal
flier plate, which subsequently impacts the holder plate, driving a shock through capsules
and compressing the powders. The rugged design permits recovery of the powder compacts
for post-shock characterization. From Song and Thadhani [37]

2.4 Background Conclusions

Structurally energetic materials are unique in their ability to tailor to their level of sensitivity

to stimuli, in various forms, and still retain structural properties. A breadth of work has

been done on reactive materials including initiation and characterization techniques on a

multitude of reactive material systems. Specifically pertaining to reaction materials with

large differences in constituent density and strength, for example, with W+Al, Ta+Al, and
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Ni+Al equi-volumetric systems, the effects of material characteristics can be explored. It is

intended to use, and modify in some cases, the techniques found in this background chapter

including initiation, measurement, and characterization of reactive materials to determine

the threshold of reaction initiation, using a modified Taylor rod-on-anvil impact test, and

implement novel recovery apparati to retain reaction products for the characterization of

various equi-volume Al-based intermetallic-forming materials.
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CHAPTER III

EXPERIMENTAL PROCEDURE

3.1 Objectives and Approach

The objectives of this work are to determine the threshold energy for reaction initiation for

each of the intermetallic-forming systems, determine reaction products, and to determine if

the reactions are dominated by anaerobic or oxidation process. This will be done through the

investigation of impact initiated reactions in Al-based reactive mixtures including W+Al,

Ta+Al, Ni+Al, and pure Al. Impact experiments were performed on samples using a

modified version of the Taylor impact test setup. The samples were prepared by mixing

powders in desired stoichiometric ratios and statically pressing into right-cylindrical pellets

before mounting those onto right-cylindrical copper projectiles to be fired with a gas gun.

The transient deformation of the samples at impact was observed and reaction was captured

with high-speed imaging as a function of different projectile kinetic energies and chamber

atmosphere (air or vacuum).

3.2 Reactive Materials Systems

The Al-based intermetallic forming reactive material systems (Ni+Al, Ta+Al, W+Al, and

Al) selected in this work, have characteristic properties that are of interest with regards to

the understanding of impact initiated reactivity, and their use as structural energetic mate-

rials. In Table 4 some of the relevant properties of the constituents for each of the individual

systems are included in addition to their heats of formation for intermetallic reactions, as

well as that for the combustion reaction. With respect to intermetallic systems, Ni+Al has

the highest heat of reaction, while the W+Al and Ta+Al systems have the highest density

(mass). The Table also lists the constituent properties, which illustrate that the W+Al has

the highest mismatch (difference) in strength and density. The strength difference between

constituents influences the degree of mixing due to plastic flow of constituents. On the other

hand the density difference between constituents influences the ratio of the constituents in
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terms of the weight or volume. For example, as shown in Tables 5 and 6, the Ni+Al sto-

ichiometry ratio of 3 : 1, corresponds to 6.53 parts of Ni for every 1 part Al by weight,

and 1.98 parts of Ni for every 1 part Al by volume. Likewise, the equistoichiometric Ni+Al

ratio corresponds to 2.18 parts of Ni for every 1 part Al by weight, and 0.66 parts of Ni for

every 1 part Al by volume. In other words, the equistoichiometric Ni+Al mixture which

represents the system with the highest heat of reaction amongst all Ni+AL systems, is more

enriched with Al than with Ni on a volume basis, which can limit the degree of localized

and bulk deformation occurring in the system.

Table 4: Table listing relevant properties of Al, Ni, Ta, and W [38],[39],[40] δ, [8] α. The
associated symbols by references refer to the contributed data in this table. * Denotes
values from work of S. Du

The individual Ni, Ta, W, and Al powders investigated in this work were all spherical

of -325 mesh (≈ 44 microns) particle size and of 99.8 percent purity. Figure 30 (a-d) shows

SEM images revealing the morphology and distribution of the various powder mixtures.

Table 5: Intermetallic-forming Reactive Material system mass ratios for selected stoichiome-
tries. EV stands for equal-volumetric values and ratios are represented with M : Al where
M represents other constituent in Al-based material system.

Stoichiometric Ratio Ni+Al W+Al Ta+Al

3 : 1 6.53 : 1 20.4 : 1 20.1 : 1

1 : 1 2.18 : 1 6.81 : 1 6.71 : 1

1 : 3 .73 : 1 2.27 : 1 2.24 : 1

3 : 2 3.26 : 1 10.2 : 1 10.1 : 1

EV 3.31 : 1 7.19 : 1 6.19 : 1
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Table 6: Intermetallic-forming Reactive Material system volume fractions for selected sto-
ichiometries showing the non-aluminum constituent volume fraction values. EV stands for
equal-volumetric values and ratios are represented with M : Al where M represents other
constituent in Al-based material system.

Stoichiometric Ratio Ni+Al W+Al Ta+Al

3 : 1 1.98 : 1 2.85 : 1 3.26 : 1

1 : 1 .66 : 1 .95 : 1 1.08 : 1

1 : 3 .22 : 1 .32 : 1 .36 : 1

3 : 2 .99 : 1 1.43 : 1 1.63 : 1

EV 1 : 1 1 : 1 1 : 1

Table 7: Intermetallic-forming Reactive Material system densities at selected stoichiome-
tries in g/cm3. EV stands for equal-volumetric values

Stoichiometric Ratio Ni+Al W+Al Ta+Al

3 : 1 6.82 15.03 13.38

1 : 1 5.16 10.81 9.97

1 : 3 3.82 6.71 6.41

3 : 2 5.78 12.49 11.35

EV 5.80 11.03 9.68
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Figure 30: SEM images showing the spherical morphologies of (a) Al and each of the
constitutive mixtures (b) Ni+Al (c) Ta+Al and (d) W+Al
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3.3 Sample Mixing and Compaction

The pure metal powders (Ni, Ta, W, and Al) were weighed according to the molar ra-

tio required for an equi-volumetric mixture. It should be noted that the maximum heat

of reaction for the various Al-based intermetallic mixtures investigated often correspond to

equi-atomic stoichiometry, which then skews the volumetric distribution in Al-rich mixtures

varying contents due to differences in densities. Hence, in this work, equi-volumetric mix-

tures were investigated to maintain similar volume content of Al. The powders were baked

at 100oC in a vacuum oven to remove moisture for 24 hours prior to mixing. The individual

powders were combined in equi-volumetric ratios by pouring the pre-massed equal volume

amounts of respective Ni and Al, Ta and Al, and W and Al mixtures into a container,

which was placed directly in an Argon-filled glove box and allowed to settle overnight. On

occasion the powders were stirred to release any trapped atmospheric gases as well. Before

removing powders from the glove box, an air-tight seal (tape) was applied to each container.

The powders were then mixed using a V-blender for at least 24 hours.

Quasi-static pressing of powder mixtures was performed after they had been fully mixed.

The powders were compacted using a punch-die assembly that pressed cylinder-shaped

pellets with a diameter of 3.175 mm (.125”) and a sample thickness of 2mm (± .5 mm).

The mass of the powder compacts was less than .2 grams and the measured sample powder

was loaded into the die and compressed statically with a Carver Auto-Series hydraulic

press. While the extent of densification can be adjusted based on the pressure applied

and amount/type of powder, the goal was to press the powder mixtures to the highest

density possible (greater than 90 percent TMD), with the maximum force ranging between

2600-2800lb-force.

3.4 Modified-Taylor Rod-on-Anvil Impact Test Setup

To conduct the impact-initiation experiments with the 7.62 mm gas gun, a modified rod-

on-anvil Taylor test setup was employed using a 7.62 mm diameter and 30 mm long copper

1100 alloy projectile. The projectile (nominal 12 g weight) was mounted with a pressed

powder compact on the front and held in the center with a thin layer of epoxy (Fig. 31).
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This projectile was then loaded into the breech of the 6 ft barrel, .30 caliber gas gun and

accelerated to speeds up to approximately 480 m/s. The impact velocity was measured

using a laser beam interrupt set up (Physics Applications, Inc). The transient deformation

profile of the compacted pellet and deformed projectile, in addition to reaction initiation

based on light emission, was captured using high-speed imaging with the Imacon 200 high-

speed camera (Specialized Imaging).

Figure 31: Schematic and photograph of sample mounted on a projectile, Left being sample
drawing and dimensions and the right being a top and side view of a finished projectile

The schematic of the test setup can be seen in Fig. 32, and an example of high speed

camera images revealing reaction light can be seen in Fig. 33. The velocity is obtained when

the accelerated projectile interrupts two red laser beams, which trigger a drop in voltage in

the inverter box that switches that signal to a rising (positive) pulse. This signal is sent to

the up-down counter (Physics Applications). By measuring the distance between each laser,

and the distance from the second laser to the rigid anvil, the velocity can be calculated.

The camera/flash are also triggered to simultaneously capture the sample and projectile

images right before impact to obtain 16 frames of the transient deformation and reaction

light emission. The experiment chamber was maintained either with the atmosphere being

air or vacuum. When evacuating, the chamber was pumped down to below 50 mTorr. For

experiments in air, the chamber was left unsealed and at atmospheric pressure.
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Projectile
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IMACON
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Figure 32: Schematic of experimental set up, with projectile, laser beam velocity trap,
high-speed camera, and anvil

Figure 33: Taylor rod-on-anvil impact initiation test in vacuum of Ta-Al equal-vol ratio at
a speed of ≈ 500 m/s
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3.5 Reaction Product Recovery and Characterization

Recovery of reaction products was carried out using different methods because of the size

of the samples used in the experiments which made reaction products difficult to recover.

Three different recovery techniques were employed in attempts to recover and characterize

reaction products. Initially, XRD was performed on the impact surface of the recovered

projectile in order to detect presence of reaction products that may have formed. Another

recovery approach involved capturing the material ejecta after impact in a radial polycar-

bonate hoop. Following impact, the material is ejected radially from the impact surface

spraying the debris in a ring. Multiple variations confinements were attempted and were

attached to the anvil face around the impact area. The first of these devices was a box made

from clear polymethyl methacrylate (PMMA) plastic, with glycerin soap lining to capture

materials. The glycerin would subsequently be melted down, and the particles captured in

the glycerin would drop to the bottom of the solution, strained out and characterized using

XRD.

A polycarbonate tube was also used (as shown in the experimental setup in Fig. 34) and

attached to the anvil face. There was no lining used in this set up. The ring of debris (see

Fig. 35) deposited on the inside of the tube was scraped, and collected for characterization

using XRD. Lastly a projectile with a recessed hole machined into it (Figures 36 and 37)

was developed with the intent of capturing reaction products by trapping them between

the projectile and anvil thereby, potentially capturing the ejecta for characterization. The

projectile cavity was packed by hand, pressing the intermetallic-forming powder mixture into

the recessed pocket of the projectile. The powder was packed by adding small amounts of

powder into the recessed hole and pressing with a metal rod of about .125” in diameter, then

continually adding powder until the level was even with the edge of the projectile. These

recessed rounds were fired normally in the impact initiation tests, with the open powder-

packed end as the impact face. After experimentation, the sample/projectile remnants were

characterized using XRD.

37



Figure 34: Experimental setup with polycarbonate tube for debris capture

Figure 35: Example of polycarbonate tube used in experimentation with ”spray” ring of
debris
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Figure 36: Diagram of the recessed round, all measurements are in millimeters

Figure 37: Top (a) and side (b) views of filled recessed round
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CHAPTER IV

RESULTS AND DISCUSSION

The results of the impact experiments performed on each intermetallic-forming mixture and

their comparison with pure aluminum are discussed. Experiments on each system,Ta+Al,

W+Al, Ni+Al, and Al, were performed individually in both air and vacuum and as a func-

tion of compact density. The onset of reaction was deduced based on light emission captured

by the camera. The minimum total impact energy resulting in reaction initiation was con-

sidered as the total energy dissipated for reaction initiation. Post-experiment analysis of

the debris attained from the different recovery experiments was characterized using XRD

to determine the type of reaction products formed.

4.1 Intermetallic Systems Overview of Results

The experimentation for impact initiation of reactions in the various systems was performed

in air and vacuum. The sample pellets and projectile characteristics for each system, in-

cluding the sample density and percent theoretical maximum density (TMD), along with

impact velocity and reaction state are listed in Tables 8 to 11.

For each impact experiment, the total kinetic energy (KET ) was determined using Eq.1

where m is the total mass of the projectile and sample, and vA is the actual recorded velocity

from the velocity trap during experimentation.

KET =
1

2
mv2A (1)

The results of all experiments in Tables 8 to 11 are plotted for each reactive material

system in Figures 38 to 41, as plots of kinetic energy versus percent theoretical density

of the actual powder compact, all for experiments conducted in (a) air or (b) vacuum.

In general, Figures 38 to 41 summarize the observed trends based on the total threshold

kinetic energy for reaction initiation as follows: (A) Threshold Kinetic energy for reaction
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initiation is lower in air than in vacuum for all systems. (B) Only Ta+Al and W+Al show

reaction occurring in vacuum, under the range of impact conditions explored, while Ni+Al

and Al compacts show no such reaction. (C) In air, Ta+Al reacts with the lowest amount of

kinetic energy than all other systems, including Al; with lower density compacts requiring

higher energy in air is almost about the same as that for pure Al; Although Ni+Al shows

an effect of packing densities while W+Al and pure Al show no obvious effect.

Table 8: Sample data of Al experiments and results; part (a) denotes air experiments and
part (b) represents vacuum experiments, all with no reaction
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Table 9: Sample data of Ni+Al experiments and results; part (a) denotes air experiments
and part (b) represents vacuum experiments
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Table 10: Sample data of Ta+Al experiments and results; part (a) denotes air experiments
and part (b) represents vacuum experiments

43



Table 11: Sample data of W+Al experiments and results; part (a) denotes air experiments
and part (b) represents vacuum experiments

44

Massw/o Massw/ Diameter Thickness Volume Density Percent Actual 
Environment Reaction 

K1net1c 
Projectile (g) Projectile (g) (em) (em) (cm'3) (g/cm'3) Density Velocity Energy(kJ) (a) 

0.1639 12.331 0 .32 0 .198 0 .0159 10.29 93.3% 465.82 Air Yes 1338 

0 .167 12.342 0 .319 0 .199 0 .0 160 10.45 94.7% 401 Air Yes 991 

0 .169 12.319 0 .319 0 .200 0 .0160 10.58 96.0% 384 Air No 909 

0 .167 12.325 0 .319 0 .197 0 .0 158 10.60 96.1% 406 Air Yes 1015 

0 .167 12.345 0 .319 0 .197 0 .0158 10.61 96.2% 402 Air Yes 997 

0 .169 12.306 0.319 0 .198 0 .0159 10.67 96.7% 482 Air Yes 1429 

0 .167 12.326 0.319 0 .194 0 .0156 10.70 97.0% 350 Air No 754 

0 .169 12.353 0.319 0 .197 0 .0157 10.75 97.5% 439 Air Yes 1189 

0 .168 12.439 0.319 0 .195 0 .0156 10.77 97.6% 390 Air Yes 945 

Massw/o Massw/ Diameter Thickness Volume Dens1ty Percent Actual 
Environment 

Kmet 1c 
Projectile (g) ProjeCtile (g) (em) (em) (cm'3) (g/cm'3) Density Velocity Reaction Energy (kJ) 

(b) 

0.1659 12.3282 0 .319 0.2 0.0160 10.38 94.1% 434 vacuum No 1161 

0 .176 12.3075 0 .32 0 .2108 0 .0170 10 .38 94.1% 427 Vacuum No 11 22 

0 .1653 12.2807 0 .319 0.199 0 .0159 10 .39 94.2% 478.96 Vacuum Yes 1409 

0 .166 12.292 0 .319 0 .199 0 .0159 10.40 94.3% 463 Vacuum Yes 1318 

0 .1642 12.3491 0.32 0 .196 0.0158 10.42 94.4% 453.09 Vacuum Yes 1268 

0 .1681 12.285 0 .319 0.2 0 .0160 10 .52 95.3% 444 vacuum Yes 1211 

0 .1683 12.294 0 .32 0 .197 0.0158 10 .62 96 .3% 469 Vacuum No 1352 

0 .168 12.359 0 .319 0 .197 0 .0157 10.68 96.9% 487 vacuum Yes 1468 

0 .168 12.370 0 .319 0 .194 0 .0155 10 .81 98.0% 411 Vacuum No 1047 

0 .164 12.337 0 .319 0 .189 0 .0151 10 .83 98.2% 449 vacuum No 1244 



Figure 38: Sample data of Al experiments and results; (a)denotes air and (b) represents
vacuum. *Nanoparticle and 40 micron data points were provided from the work of Dr.
Seiwei Du.
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Figure 39: Sample data of Ni+Al experiments and results; (a)denotes air and (b) represents
vacuum.

46



Figure 40: Sample data of Ta+Al experiments and results; (a)denotes air and (b) represents
vacuum.
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Figure 41: Sample data of W+Al experiments and results; (a)denotes air and (b) represents
vacuum.

In the case of pure Al powder compacts (Fig. 38 (a) and (b)), while no reaction is

observed in vacuum for the range of compact densities and impact conditions studied, the

combustion (oxidation) reaction in air appears to be independant of the compact densities

ranging from 87 to 99 percent TMD. The Ni+Al mixtures (Fig. 39) show no reaction

in vacuum. However reactions in air appear to be dependent on the packing density of

the compacts, with 99 percent dense compacts reacting at a lower threshold than lower

density compacts. The Ta+Al compacts (Fig. 40), show reaction initiation in both air
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and vacuum, with the threshold energy being lower in air than in vacuum. The trend of

decreasing reaction energy with increasing compact densities is also observed in Ta+Al,

both in air and vacuum. The W+Al compacts (Fig. 41) also show reaction initiation both

in air and vacuum with the threshold energy being lower in air. However the effect of

compact density is not so obvious in this system. In a study done by Herbold, et al [41],

experiments on rods of AL/PTFE fired in both air and vacuum environments, the reaction

was “twice as fast” in air when comparing the same reaction in vacuum, indicating that

they are aerobic reactions.

The combined results plotting kinetic energy as a function of system density for all

reactive materials is shown in Fig. 42 for experiments performed in (a) air and (b) vacuum.

The graph shows the reactivity of each material system as a whole (in both air and vacuum)

as compared to the other systems. The trend lines representing lowest threshold conditions

indicate the higher reactivity of Ta+Al in both air and vacuum. The lowest threshold

conditions for reaction initiation are listed in Table 12.

Table 12: Lowest threshold conditions for reaction initiation for each intermetallic system
in (a) air and (b) vacuum for a nominal density of 94 - 97 percent TMD

The total energy for reaction initiation is directly associated with the total KE involved

at impact,when reaction occurs. However, the KE during impact is not fully used in reaction
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initiation. To further specify the energy necessary in initiating a reaction, the energy

dissipated in the deformation of the sample should be examined, since it is the plastic

deformation energy that would be involved in initiating a reaction in any of these systems.

In the speed and scale of these experiments, where deformation and reaction occur on the

Figure 42: Graph of experimental data points by system plotted by the Kinetic Energy
verses sample density in (a) air and (b) vacuum.

50

1450 

1250 

;;! 
;J-050 
~ 
Cll 
1: ... 
u 
; 850 
1: 

:.;: 
;; 

~ 
650 

450 

1450 

1250 

.-. 
;;! 
~050 

Cll 
1: ... 
u 
; 850 
1: 
:.;: 
;; 

~ 
650 

450 

• 
-

0.00 2.00 

0.00 2.00 

X-AI Systems Velocity vs Density: Air 

4.00 

.... ..... · 
• •• 
~. 

Oo \ 
() \ 
• 

oo 

6.00 

Density g/cc 

• 
• 
• 

\..... '1if; // D .. ·. ..· ······· 

8.00 10.00 

X-AI Systems Velocity vs Density: Vacuum 

• 
• 

0 

' \ 
\ 

\ 

' 

4.00 6.00 8.00 

Density g/cc 

.. 
A.-. ' 

I 
I 

I 

• 
D • • 
{ 
I 

10.00 

12.00 

12.00 

A Ta-AIAir Reacted (a) 

t:, Ta-AIAir 
Unreacted 

e AI Air Reacted 

0 AI Air Unreacted 

+ Ni-AI Air Reacted 

O Ni-AIAir 

Unreacted 

• W-AI Air Reacted 

O W-AIAir 
Unreacted 

A Ta-AI Vaccum 

Reacted 

t:, Ta-AI Vaccum 
Unreacted 

O AIVaccum 
Unreacted 

o Ni-AIVaccum 

Unreacted 

• W-AI Vaccum 
Reacted 

0 W-AI Vaccum 
Unreacted 

(b) 



order of microseconds, determining the exact energy involved in impact initiated reaction is

difficult without proper instrumentation. Conceptually, the energy input for deformation is

the total available kinetic energy, but only a small portion of that is used for reaction. That

portion is the energy necessary to cause the plastic deformation in the sample, creating

the necessary shear and strain in the compact for reaction. Therefore, the actual (plastic)

energy can be determind from the difference between the initial velocity and velocity at

reaction.

With the images of the impact event recorded during experimentation, the reaction is

captured in frames revealing light emission. The decelerated velocity of the sample at reac-

tion following impact can be calculated in reference to the distance traveled in comparison

to other images captured during the event and the reference distances from projectile mea-

surements. Those distances allow for the calibration of a fixed unit of measure for each pixel

and since the frames are timed, the distance and time between frames provide a measure

of velocity.

Hence, the velocity at reaction can be used to calculate the KED or energy dissipated

in the reaction initiation process or that is actually used in deformation leading to reaction

initiation. Equations 2 and 3 were used to determine the plastic energy dissipated at the

onset reaction and actual plastic energy to cause reaction initiation where, KEA, m is the

mass of the projectile and sample, vT is the initial velocity recorded, and vR is the velocity

at reaction. For vR, the imaging software, SIM Control from Specialized Imaging, was used.

KED =
1

2
mv2R (2)

KEA =
1

2
m(vT − vR)2 (3)

In attaining the vR velocity, a point is taken in a frame on one of the eight camera

channels (that corresponds to the reaction frame) at one of the projectile’s back corners.

In the second (reaction) frame, a point is selected on the same corner as in the first frame.

The program calculates the velocity instantaneously based on the pixel position of the
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point selected. Depending on the resolution of the images the variation between pixels

could result in a larger difference in velocity. In Table 13, the actual velocity range of

the pixel at reaction in each system for both a horizontal and vertical shift in velocity are

listed. The velocity at reaction and pixel range/tolerance for both horizontal and vertical

measurements were determined with the camera operating software, SIM control.

The estimated actual velocity is more than likely an upper bound estimation in the

energy necessary for reaction. There is not an accurate way to estimate the amount of

strain in the copper projectile once it fully deforms the sample pellet and begins to deform

itself before reaction. The energy can then be calculated from that strain to provide a more

accurate actual energy in deformation. The exact time of reaction initiation may also be

unseen due to the limited view of only one side of the cylindrical pellet, or the initiation

may even occur in between frames. The large scatter in data due to these limitations makes

it difficult to determine the influence of various effects on the actual energy threshold for

reaction initiation. Thus, the specific kinetic energy (SKE) was determined on the basis of

the total kinetic energy KET instead of the KED at the onset of reaction, and is divided

by the mass of the sample m given in equation 4.

SKE =
KET

m
(4)

The threshold energy density (ED) was also determined based on the calculation used

by Spey [13], and given by Equation (Eq. 5) where KET is the total kinetic energy, and V

represents the volume of the sample.

ED =
KET

V
(5)

These equations provide a relation that involves the total energy necessary to initiate

reaction while normalizing with the density for each system, thereby allowing for an even

comparison of the energy necessary from both a mass and volumetric consideration. Table

13 lists the threshold total and specific energy, and the energy density for reaction initiation

for each material system. The maximum and minimum actual energy estimate from the

pixel range, for calculation of specific KE and energy density are also listed.
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Table 13: Lowest Values for each equi-volumetric system of experimentally recorded veloc-
ity, velocity determined at reaction, and horizontal and vertical range and tolerances per
pixel and calculated actual initiation energy Eq.3 , energy dissipated in reaction Eq. 2,
actual specific kinetic energy Eq. 4, and energy density Eq. 5 and minimum and maximum
actual kinetic energy determined from pixel ranges at reaction per system

4.2 Comparison of Reaction Initiation Energy Thresholds

4.2.1 Effect of Environment: Air Versus Vacuum

In examining the threshold energies from Table 12 the most resounding difference between

air and vacuum is that all the systems were able to react within an ambient air atmosphere.

Ni+Al and pure Al were both unable to react in vacuum at the maximum capabilities that

the .30 caliber gas gun could provide. This observation indicates that oxidation reactions

are more prevalent in causing a reaction in Ni+Al and pure Al systems.

In the case of Ta+Al and W+Al, the reaction threshold drops respectively by 34 m/s

(145 kJ) and 73 m/s (973 kJ), between reaction initiation in air and vacuum, indicating

that there is a combination of oxidation and anaerobic reaction. In vacuum environment,

the reaction in W+Al and Ta+Al maybe primarily occurring as an intermetallic-forming

or anaerobic event. In air, it is possible that the anaerobic reaction sustains the oxidation

reaction with even lower energy thresholds.

4.2.2 Material System Density Effects

From the perspective of reactivity, the more dense systems of W+Al and Ta+Al were the

most reactive since they reacted in both the air and vacuum environments. The Ta+Al
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mixture has a theoretical density of 9.695 g
cm3 and its reaction threshold in air and vacuum

was lower than W+Al which has a theoretical density of 11.03 g
cm3 . Additionally, threshold

for W+Al was higher than for pure Al at 2.7 g
cm3 in air but lower in vacuum. Threshold

energy of Al in air is lower than every other system except Ta+Al in which case the reaction

is dominated by anaerobic mechanisms. Hence, while density is an important aspect of how

these materials are combined, the material strength may also effect the outcome in terms of

the reaction initiation because of its influence on deformation of combustion. The difference

in reactants between Ta+Al and W+Al is plausibly due to the effect of strength differences,

since Ta is more ductile than W.

The packing density (percent TMD) also affects how and if a system is reactive or not. In

a study done by Herbold et al [41], on two ball milled samples of equal atomic stoichiometry

Ni+Al, it was observed that higher packing density samples systems (95 percent TMD) had

a lower threshold for reaction initiation than the lower packed density sample systems. As

shown in Fig. 43 from Herbold et al’s study [41], a trend can be seen in the energy required

to react. Herbold et al’s findings can also be corroborated by data obtained in the present

work on Ni-Al samples at densities in the range of 89 - 99 percent TMD, as shown in Fig.

39 (a). It can be seen that samples of higher densities (greater than 90 percent TMD) react

where those close to 90 percent show no reaction in the impact velocity range of 403 - 407

m/s. The Ta+Al system also shows a similar trend with denser compacts having a lower

reaction energy threshold, both in air and vacuum, as show in Fig. 40 (a,b). The effect of

packing densities in the case of W+Al is less obvious.
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Figure 43: The kinetic energy of the Cu sabot and pellet is plotted as a function of percent
TMD of the Ni+Al pellet. The open markers (open circle for SARM1 and open triangle
for SARM2) indicate no reaction. The closed markers indicate a distinct reaction before
the sabot [projectile] hits the anvil The impact energy threshold for SARM1 and SARM2
milled to 35 percent of the averaged time to milling reaction, decreases for increasing pellet
density. Taken from [41]

4.2.3 Particle Size Effects

The particle size of the material system can also have an effect on reactivity and sample

densification. In Fig. 44 a plot of percent TMD vs KE is shown for equi-volume Ni+Al in

both -325 mesh and +325 -200 mesh samples of Ni in the equi-volumetric experimental data.

The data points for the coarser particles are of a lower density but still have some overlap

with the low density results for the -325 mesh powder mixture experiments. From Fig. 44,

it can be seen that while the effect of packing density on reaction initiation threshold is

observed for both sizes of powder mixtures; the coarser mixture (+325 -200 mesh) has a

lower reaction energy threshold than the finer (-325 mesh) Ni+Al mixture. In fact, the

coarser Ni+Al reacts at lower energy than the pure Al, which suggests that the higher

degree of stress and strain in coarser particles makes them react at lower energies and lower

compact densities. Coarser particles provide more enhanced strain localization due to fewer

inter-particle contact points and consequently higher strain.
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Figure 44: Figure showing labeled points of percent TMD verses KE, for Ni-Al differing in
particle sizes of -325 Mesh and +325 -200 mesh

4.2.4 Material System Strength Effects

Recently, the effects of strength difference between reactants in Ni+Al, W+Al, and Ta+Al,

has been investigated using mesoscale numerical simulation by Aydelotte and Thadhani

[3]. In this study, microstructures of the previously mentioned equi-volumetric, shock-

compacted reactive materials were developed from actual samples and image processed into

a multi-material Eulerian hydrocode simulation program called CTH and compared with

experimental results, which indicate that Ta+Al reacted at a much lower specific kinetic

energy than Ni+Al and W+Al. With the use of CTH simulation, it was observed that

both constituents of the Ta+Al system underwent more plastic strain on average than

the Ni+Al and W+Al mixtures (even though the maximum value for strain in Ta+Al

was approximately the same at Ni+Al). The strain produced by Ta+Al adds adiabatic

heating leading to reaction initiation. Although, Ni+Al has a lower yield, it strain-hardens

considerably, making its strength higher than that of Ta+Al, reducing the amount of strain,

and making it less reactive than Ta+Al. In the case of W+Al, with the high yield strength

of W, it strained only about 5 percent, making it more difficult to react than Ta+Al.
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4.3 Recovery Experiments and Characterization

The following sections display the characterization attempts through XRD for each system

for both the polycarbonate surrounding ring experiments and recessed round projectiles for

the various intermetallic-forming systems investigated.

4.3.1 Polycarbonate Ring Experimental Results

The sample ejecta was captured by the polycarbonate ring, scraped, and characterized with

XRD. In Figures 45 to 48 are the XRD traces resulting from these scans. Each peak is

identified by the material composition. The initial amorphous “hump” at the 2θ, 20 degree

position is the peak corresponding to the polycarbonate pieces intermixed with the sample

debris being scanned. The figures show that the debris reveals no evidence of reaction

products (either due to oxidation, Al2O3 is located in the 35 deg area, or intermetallic-

forming) since each peak is identified in its elementary form (either the X-material or Al).

The lack of presence of reaction product could be due to one or some combination of:

• The very small sample size used during experimentation,

• When reaction occurs the reaction products are vaporized during the process,

• Or the location of the polycarbonate could not be in the optimal position to capture

these products.
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Figure 45: XRD trace of experimentally reacted Al fired at 476 m/s in air with at 99.7
percent TMD with no reaction products

Figure 46: XRD trace of reacted equi-volume mix of Ni+Al at 469m/s in air at 92.4 percent
TMD with no reaction products
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Figure 47: XRD trace of reacted equi-volume mix of Ta+Al at 474m/s in vacuum at 87.4
percent TMD with no reaction products

Figure 48: XRD trace of reacted equi-volume mix of Ta+Al in air at 413m/s at 91.2 percent
TMD with no reaction products
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Figure 49: XRD trace of reacted equi-volume mix of W+Al in vacuum at 478m/s at 94.1
percent TMD with no reaction products. The unidentified peaks at approximately 42 and
43 deg belong to Cu and possibly Al2Cu3

Figure 50: XRD trace of reacted equi-volume mix of W+Al in air at 465m/s at 93.3 percent
TMD with no reaction products
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4.3.2 Recessed Projectile Experimental Results

The recessed projectile experiments were used to impact the anvil at the highest velocity

attainable (≈ 480 m/s) for that experimental setup. After impact, the projectile debris was

collected from the experimental chamber and then characterized using XRD. Figures 51 to

54 show the XRD traces of the recessed projectile experiments. Because of the geometry

of the experiment and projectile, it was not possible to see reaction light; therefore, XRD

characterization was the only way to determine if a reaction occurred.

The recessed projectiles showed no evidence of reaction with all peaks being accounted

for in both Cu and Al locations as shown in Fig. 51 for Al, and in Fig. 52 for Ni+Al,

major peaks accounted for with either Ni, Al, or Cu. However there are undefined peaks

located in the 43-45 degree 2θ range. Likewise, Fig. 53 shows no evidence of reaction in

W+Al with all peaks accounted for in either W or Cu. In the case of these scans, Al peaks

are not seen due to the characteristics of the other materials scanned during XRD, forcing

the Al to have smaller peaks or completely drowned out by the intensity of the W or Cu

from the projectiles. It is also possible that the oxidation of Al and the vaporization of

Al2O3 would inhibit observation of reaction product peaks. The only conclusive XRD scan

indicating the presence of reaction products was for Ta+Al as show in Fig. 54. There

were two experiments performed in air at velocities of 357 m/s and 483 m/s parts (a) and

(b) respectively, of which both resulted in intermetallic reaction products forming Ta3Al2

and TaAl3. This result provides further credence to the occurrence of anaerobic reaction in

Ta+Al in both air and vacuum environment
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Figure 51: XRD trace of recessed projectile packed with pure Al fired at maximum velocity
≈ 480m/s in air

Figure 52: XRD trace of recessed projectile packed with equi-volume mix of Ni+Al fired
at maximum velocity ≈ 480m/s in air
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Figure 53: XRD trace of recessed projectile packed with equi-volume mix of W+Al fired
at maximum velocity ≈ 480m/s in air

Figure 54: XRD trace of material recovered from recessed projectile packed with equi-
volume mix of Ta+Al fired at velocities of (a)357m/s and (b)483m/s in air showing inter-
metallic reaction products
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

5.1 Concluding Remarks

The purpose of this study was to characterize the impact initiation of Al-based intermetallic-

forming reactive materials by determining the reaction initiation threshold in air and vac-

uum environments. The threshold was based on the total energy for reaction initiation, and

was normalized for comparison of the various intermetallic-forming systems, and to evaluate

reaction mechanisms based on oxidation or anaerobic processes. The experiments were per-

formed on tantalum-aluminum, tungsten-aluminum, nickel-aluminum, and pure aluminum

powder mixture compacts uniaxial stress impact testing in a modified gas gun rod-on-anvil

Taylor test.

The velocity of the test samples were recorded and respective total kinetic energy was

calculated. The kinetic energy for threshold of reaction initiation in each system of materi-

als for both air and vacuum, was based on conditions in which light emission was recorded.

Impact experiments were also used to capture the ejecta, employing recessed projectile and

polycarbonate rings. The resulting captured ejecta was subjected to product characteriza-

tion through X-ray diffraction. While most of the samples yielded inconclusive results, one

experimental setup with recessed projectiles on the most reactive sample system of Ta+Al

yielded intermetallic products of Ta3Al2 and TaAl3.

It was observed that Ta+Al and W+Al reacted both in air and vacuum while Ni+Al

and Al compacts reacted only in air. Ta+Al is observed to be more reactive due to the

mechanical properties of Ta and its relatively high density, which adds energy in the form of

heat from strain/flow during localized and bulk deformation of the samples themselves. The

reactivity threshold for Ta+Al, in both air and vacuum, was lower than all other systems

by 195 kJ (Ta+Al threshold is 718 kJ followed by Al at 913 kJ) in air and 348 kJ (Ta+Al

threshold 863 kJ W+Al’s is 1211 kJ)in vacuum. From the apparent trends and threshold
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data in Figures 38 to 39 and Table 12 respectively, it can be seen in air that Al, W+Al,

and Ni+Al (at a higher packing density) all react at about the same threshold close to ≈-

1000 kJ, indicating that Al is the main determinant in reaction and that its dominated

by its oxidation. Ta+Al compacts however, react at a threshold much lower than that of

Al. This, and Ta+Al’s ability to react in vacuum, point toward the conclusion that Ta+Al

undergoes anaerobic intermetallic reactions, while the other systems are dependent on Al’s

oxidation.

In the case of Ni+Al, and Ta+Al at relatively constant velocity, packing density effect

was manifested as reaction initiation characteristics improved with increasing packing den-

sity of the samples. It also can be seen that particle size affects the reactivity of samples

and can offset the negative effect of lower to packing density. In evaluating Ni+Al, both

-325 mesh and +325 -200 mesh samples showed similar trends of packing density effects.

However, the coarser +325 -200 mesh samples were far more reactive resulting in reaction

with significantly lower reaction initiation energy than all of -325 mesh Ni+Al samples.

5.2 Recommendations for Future Work

5.2.1 Characterization Techniques

A different approach should be taken to recover post reaction products. Larger sample sizes

should result in more debris for examination as in the case of the recessed projectile that

used about three times as much powder in experimentation. This points to the development

of modified impact initiation testing by optimizing the recessed projectile design with a cap

or slightly recessed lip design to seat machine pressed samples, creating an anvil with a

recessed target area to capture reaction products in a confined area, or test with samples

of a larger diameter (a .25 inch sample press instead of .125 inch) using a polycarbonate

ring to capture ejecta. Using a larger scale experiment in the form of a reverse anvil-on-rod

Taylor test, where a recovery fixture can be developed to accelerate a projectile through a

80 mm diameter, 25 foot long barrel into a mounted sample should also increase retention

of post reaction products.

To better compare oxidation versus anaerobic reactions, spectroscopy can be used during
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the rod-on-anvil testing to determine if at any point the light or spectra given off during a

reaction relates to the formation of the oxide or intermetallic process. Other methods to

address oxidation could be to perform experiments in an inert backfilled environment where

the chamber is evacuated and then purged with Argon to further reduce the oxygen available

in the chamber at a time. An oxygen sensor can also be used to note the oxygen level in

the experimental chamber. These experiments can be repeated with the oxygen sensor in

place, noting levels of oxygen in ambient, evacuated, and backfilled-and-evacuated-Argon

conditions for comparison.

A transparent target plate through the use of sapphire can be used. This has the ability

to mount fiber optics for spectroscopy and the capability to show both sample deformation

from a side and head-on point of view, allowing for the better understanding of how the

deformation occurs prior to reaction initiation. This could also be used with an infrared

camera to show preferential ignition or reaction initiation sites (hot spots).

5.2.2 Material Systems

Given the packing density effects at a relatively constant velocity for pure Al and the work

done by Herbold et Al [41], it could be beneficial to investigate an optimum density for

reaction, where the reaction thresholds for initiation are compared in multiple environments.

Varying the particle size of the intermetallic-forming system for an optimal mix of reactivity

as well as increasing the stoichiometric ratio mixture range (1:5, 1:4, 1:3, 3:1, etc. by atomic

percent) could determine how much of each part of an intermetallic-forming mixture is

necessary to cause a reaction, what ratio provides the most intense light from reaction and

what conditions provide desired reaction products, and/or what ratio provides a mix that

reacts with the least amount of kinetic energy.
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